Abstract: We demonstrate novel structures of an 850-nm vertical-cavity surface-emitting laser (VCSEL) array for high output power, single-lobe far-field pattern, and narrow divergence angle. By using the Zn-diffusion process with proper sizes of oxide-current-confined and Zn-diffusion apertures, each unit of VCSEL in the demonstrated array is highly single-mode (side-mode suppression ratio 9 30 dB) with a narrow far-field divergence angle ð9 -10 Þ and high maximum single-mode output power ($6.3 mW). Due to the high uniformity of single-mode performance of each VCSEL unit, the 6 Â 6 array exhibits an excellent lasing phenomenon, which includes single-lobe far-field pattern, weak in-phase coupling, narrowing of divergence angle (from 9 to 4 ), and output power as high as around 104 mW. Furthermore, by measuring the bias-dependent output optical spectra in different positions of our array, the high similarity of these spectra indicates the excellent uniformity of our fabrication process for single-mode VCSEL.
Introduction
Vertical-cavity surface-emitting lasers (VCSELs) [1] have attracted much attention due to their several unique advantages, such as two-dimensional (2-D) array formation [2] , [3] , inexpensive device fabrication, and on-wafer characterization. High-output-power, high modulation speed, and a single-lobe (spot) output with a low divergence angle and circular symmetry far-field pattern of VCSEL are much desired for several applications, such as (free space) optical interconnects [4] - [6] , laser printing, laser mouse [7] , airborne light detecting and ranging (LIDAR) systems [8] , and infrared lighting [9] . Increasing the effective diameter of the circular light-emitting aperture of a VCSEL is necessary to achieve a high output power. Extremely high output power (up to several watts level) by paralleling a few hundred to a few 10 000s multi-mode VCSELs with advanced thermal package has been successfully demonstrated [9] . However, due to the multi-mode characteristic of each VCSEL unit, the divergence angle of combined far-field pattern is as wide as $ 20 . In addition, the peak of combined 2-D far-field pattern is usually very spotty instead of a Gaussian like smooth profile [9] . Several methods have been developed for VCSELs with single-mode and single-lobe output, such as the surface relief structure [10] , Zn-diffusion structure [11] , the 2-D holey structure (photonic crystal) [12] , [13] , anti-resonant reflecting optical waveguide structure [14] , [15] , and the combined application of implant and oxide apertures [16] . However, the maximum single-mode output power of these reported VCSELs is usually less than 7 mW with a divergence angle at around 10
[10]- [16] . Recently, by combing the Zn-diffusion optical aperture and strained active layers [17] - [19] , a (near) single-mode 850 nm VCSEL with excellent output power performance ($9 mW) has been demonstrated [20] . Furthermore, by using the photonic crystal (PC) based surface-emitting laser (array) structures, large area coherent lasing has been realized in order to further improve the performance in terms of power, beam shape, and divergence angle [21] of a single VCSEL. Such laser (array) can achieve excellent single-mode output power ($100 mW) under continuous wave (CW) operation with extremely narrow divergence angle ð$ 2 Þ of circular symmetry far-field pattern [21] . Nevertheless, mass production of such device with complex 3-D nano-scale PC structure inside is really a challenge. In this paper, by using Zn-diffusion technique for optical mode control, we demonstrate a novel 2-D single-mode VCSEL array structure with excellent lasing performance. A stable (invariable) single-lobe/circular far-field pattern with narrow full-width half maximum (FWHM) divergence angle ð4 -7 Þ under the full range of bias current and a high maximum single-lobe output power (104 mW) under CW operation can be achieved. Such excellent performance of proposed device structure indicates the high uniformity in our single-mode performance and weak in-phase (coherent) coupling between each VCSEL unit. Fig. 1(a) and (b) shows the conceptual cross-sectional and top views of the demonstrated unit VCSEL, respectively. As shown in Fig. 1(a) , there are three key parameters: W Z , W O , and d, which determine the mode characteristics of the device. Here, W Z and W O represent the diameter of Zn-diffusion aperture and oxide-confined aperture, respectively. d is the Zn-diffusion depth. In order to attain stable single-mode performance under the whole range of bias current of each unit VCSEL, the relative sizes of these three parameters must be carefully optimized [11] . First, the sizes of W z and d must be usually less than 5 m and deeper than 1 m, respectively [11] , [22] . This empirical criterion is valid due to the fact that we need a significant Zn-diffusion induced loss in the peripheral region of a small optical aperture (with a 5 m diameter) to suppress the higher order mode. Second, we must let W O 9 W Z in our single-mode structure to ensure that there is a significant Zn-diffusion induced internal loss ð i Þ in our current-confined (gain) region. According to our measurement results, such condition is the key to ensure the high uniformity in single-mode lasing performance of each unit VCSEL of array [22] . Here, we chose the values of W o , W z , and d as 8, 5, and 1.5 m, respectively. As shown in Fig. 1(a) , the fabricated device has a $34 m diameter active mesa, and the n-type contact is realized on the bottom side of n-type GaAs substrate in order to uniform the current distribution especially in the array structure. The epitaxy-layer is the standard 850 nm VCSEL epi-layer structure (IEGENS-7-20) purchased from IQE, and the detail device fabrication processes and epi-layer structure can be referred to our previous work [6] , [11] , [22] . Fig. 1(c) shows the topview of fabricated 10 Â 10 array. As can be seen, we simply parallel each unit VCSEL by connecting their p-type metals with a large metal pad for probing or wire bonding. All the unit devices are common ground through the use of bottom n-type contact layer on the n-type GaAs substrate. As specified in Fig. 1(c) , the spacing between each unit VCSEL is 66 m.
Device Structure and Fabrication
In contrast to most of the reported semiconductor laser arrays [2] , [3] , where each light-emission aperture shares the same optical cavity and its optical near-field usually has strong overlap (coupling), in our proposed array structure, the optical near field of each single-mode unit (aperture) is isolated by different mesa with a significant spacing (66 m). The strong phase locking (coherent lasing) between different emitters and significant narrowing of the array's far-field divergence angle thus cannot be expected in our structure. Nevertheless, if each unit in our proposed array structure has very similar single-mode performance, we still can expect that the divergence angle of the array can be as narrow as that of a single-mode unit VCSEL and the total output power can be as high as the summation of power from all the VCSEL units. C) operation, the single device exhibits a threshold current at 2 mA with a maximum single-mode power up to 6.3 mW. Such value is close to the record ($7 mW) of maximum single-mode output power of 850 nm VCSELs [10] - [12] . When the ambient temperature increases, our single device suffers from the problem of increasing in threshold current and degradation in differential quantum efficiency. Such phenomenon is very common and usually observed in the VCSELs. Although the static performance of our single laser degrades under high-temperature operation, it can still sustain single-mode characteristic. Fig. 3(a) and (b) shows the measured optical spectra and 2-D far-field pattern of the single device under different high bias currents (8-10 mA) at RT and 90 C, respectively. We can clearly see that the excellent single-mode performance is still sustained even under hightemperature (90 C) and high bias current operations (10 mA). Fig. 4 shows the measured L-I curves of 6 Â 6 and 10 Â 10 array, and the maximum output power (104 and 145 mW) for such two cases are also specified. Compared with the 6 Â 6 array, the 10 Â 10 array exhibits lower differential quantum efficiency and a lower averaged output saturation power from each unit single device (2.9 vs. 1.45 mW). This can be attributed to the higher required driving current ($2.3 times higher for the same output power) and more serious device heating in the 10 Â 10 array structure. According to the measured saturation output power per unit device and the temperature dependent L-I curves, as shown in Fig. 2 , the estimated junction temperature of 6 Â 6 and 10 Â 10 arrays is at around 70 and 90 C, respectively. Figs. 5-7 show the measured 1-D and 2-D far-field patterns of the single device, 6 Â 6 array, and 10 Â 10 array, respectively. Take the 6 Â 6 array structure for example, if a perfectly (100%) 
Measurement Results
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Single-Mode VCSEL Array phase-locking phenomenon happens in this structure with such a large area ð330 Â 330 m 2 Þ, the theoretical diffraction-limited divergence angle should be as small as 0. 15 . As shown in Fig. 6 , the measured far-field angle of (6 Â 6) array is only slightly narrower ($ 4 vs. $ 9 Þ than that of the single reference device. We can thus conclude that the observed phase-locking effect in our array is weak [23] . Such weak phase-locking phenomenon may be attributed to the overlapping (coupling) and feedback [24] of optical far-field from each single-mode unit, which has a long coherent length (time). In our case, the optical feedback might be originated from the unavoidable optical reflection from test setup. During our far-field measurement, if the relative distances between different optical components in our setup are changed, a slight variation in the measured values of divergence angle, which usually varies from 4 to 6 , would be observed. This result implies that we may further improve the far-field pattern of our proposed array by using the technique of device package to manipulate such feedback effect. In the multi-mode VCSEL array [9] , such phenomenon rarely happens due to the fact that the coherent length (time) of each multi-mode beam is much shorter than that of singlemode beam, which should diminish the phase-locking (coherent) effect. With regard to the 10 Â 10 array, as shown in Fig. 7 , its measured 1-D and 2-D far-field patterns show two significant side-lobes when the bias current reaches $500 mA. The observed side-lobe is so called Newton's rings effect; the nulls and peaks in the measured far-field patterns correspond to constructive and deconstructive interference patterns of different single-mode output beams from each VCSEL unit, respectively. On the other hand, as shown in Fig. 6 , for the case of our 6 Â 6 array, such effect is not significant at all. This result can be possibly attributed to the fact that there are more VCSEL units in the 10 Â 10 array out-of-phase single-mode lasing as compared to that in our 6 Â 6 array, which would result in more significant interference pattern and broadening of far-field pattern. According to the above-mentioned measurement results, we can clearly see that our 6 Â 6 array exhibits not only a smaller divergence angle ($ 4 vs. $ 9 ) of far-field pattern but also with a much higher maximum output power (104 vs. 6.3 mW) compared with those of single unit VCSEL. Furthermore, its single-spot and narrow far-field distribution can be sustained from near threshold until saturation. Such excellent result indicates that the single-mode performance of each unit VCSEL is very uniform. Fig. 8 shows the measured 1-D far-field patterns of the single device, 6 Â 6 array, and 10 Â 10 array, at 6, 240, and 450 mA bias currents, respectively. We can clearly see that, compared with the single device and 10 Â 10 array, the 6 Â 6 array has a narrower far-field angle, which indicates a larger number of in-phase coherent lasing elements in the array [23] . Fig. 9 shows the measured bias dependent output optical spectra of 10 Â 10 array at different portions of the array. As can be seen, although the phase-locking between each unit VCSEL in the array is very weak as discussed, the measured spectra in different portions of the array are very similar, which indicates that the uniformity of single-mode performance of each VCSEL unit in our array is high. Table 1 shows the benchmark of high-performance single-mode surface-emitting laser (SEL) array at 850 [13] , [15] and 960 nm [25] wavelengths. We can clearly see that our demonstrated structure can achieve excellent slope efficiency with very-high output optical power and sustain a narrow far-field divergence angle among the reported single-mode SEL array structures [13] , [15] , [25] .
Conclusion
In conclusion, we demonstrate a novel weak-coupling single-mode VCSEL array structure. By properly controlling the sizes of Zn-diffusion and oxide apertures, each unit VCSEL in the whole array has highly uniform single-mode performance. An excellent lasing phenomenon has been observed in our 6 Â 6 array, and it exhibits a stable single-lobe/circular far-field pattern with a narrow FWHM divergence angle ð4 $ 7 Þ under the full range of bias current and a high maximum single-lobe output power (104 mW) under CW operation. 
